ABSTRACT
(a)biotically degraded by ubiquitous oxidative pathways involving singlet oxygen or hydroxyl radicals, which may be produced through the agency of heavy metals, huminic acids, or light.
In 1971, Muller, Jaenicke, and colleagues (1) isolated the first pheromone of a marine brown alga. The compound was collected from laboratory cultures of fertile female gametophytes of the cosmopolitan brown alga Ectocarpus siliculosus. Soon after release, the originally motile female microgametes begin to settle on a surface and start to secrete a chemical signal. The biological function of this pheromone is the improvement of mating efficiency by attraction of the flagellated, motile males. The chemical structure of the signal compound was established as 6-(1Z)-(butenyl)cyclohepta-1,4-diene (ectocarpene; Fig. 1 and Table 1 ). In the following years, this compound proved to be the progenitor of a whole series of C11 hydrocarbons, which are involved as signals in the sexual reproduction of brown algae. Up to now, 11 such pheromones (Table 1 ) but more than 50 stereoisomers of the parent compounds (cf. Fig. 1 ) have been identified within the pheromone bouquets of >100 different species of brown algae (2-6). In the highly evolved orders Laminariales, Desmarestiales, and Sporochnales, the sexual pheromones first induce spermatozoid release from antheridia prior to attraction and fertilization (7, 8) . Other species, in particular those from the genus Dictyopteris, produce large amounts of the same Cl, hydrocarbons in their thalli. In the case of the Mediterranean phaeophyte Dictyopteris membranaceae (9) , the compounds are released into the environment (10) , and here they may interfere with the communication systems of other brown algae (11) or act as feeding deterrents against herbivores (12) . Thus, a single C11 hydrocarbon (Table 1 ) may have at least
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three well-defined biological functions: (i) synchronization of the mating of male and female cells by the controlled release of male spermatozoids, (ii) enhancement of the mating efficiency by attraction, and (iii) chemical defense of the plant due to the presence of high amounts of pheromones within and release from the thalli into the environment.
Interestingly, the occurrence of the C11 hydrocarbons is not limited to the order of the marine brown algae. The same compounds have been found in cultures of diatoms (13) or among the volatiles released during blooms of microalgae in freshwater lakes (14) . Furthermore, there is a steadily increasing number of reports on the occurrence of C1 hydrocarbons in roots, leaves, blossoms, or fruits of higher plants (15) (16) (17) , although no attempts have been made to attribute a specific biological function to the C11 hydrocarbons in these higher plants.
This review tries to summarize our present knowledge of the chemistry of the pheromones of marine brown algae. The biochemical aspects of signal perception and transduction as well as the species-specific recognition of male and female gametes will be not discussed. The major topics will be the demonstration of the structural diversity in this group of C11 hydrocarbons, the different modes of their biosynthesis in lower and higher plants, and, finally, their (a)biotic degradation in an aqueous environment.
Brown Algae and Their Pheromones
Since the isolation and characterization of ectocarpene as the first volatile pheromone of a brown alga, 10 additional bioactive compounds have been isolated from female gametes or eggs of brown algae ( Table 1 ). The isolation technique exploits the volatility of the compounds by collecting them in a closed system with a continuously circulating stream of air, which is passed over a very small carbon trap (1.5-5 mg) (18) . Solvent desorbtion of the carbon with CH2Cl2 or CS2 (30 ,ul) provides solutions of the volatiles suitable for analysis by combined gas chromatography/mass spectrometry. A complex pattern of volatiles, obtained from fertile female gynogametes of the Mediterranean phaeophyte Cutleria multifida, is shown in Fig. 1 (19) . The identification of the individual compounds follows from mass spectrometry and from comparison with synthetic reference compounds (2) . The biological activity of the identified compounds is assayed by exposing microdroplets of a water immiscible, high density solvent with known concentrations of the compounds to male gametes in sea water (20) . After
Abbreviations: e.e., enantiomeric excess; 9-HPEPE, 9-hydroperoxyicosa-(5Z,7E,11Z,14Z,17Z)-pentaenoic acid; TPPMn, tetraphenylporphyrinatomanganese; Ph-I=CO, iodosylbenzene. The ability of a compound to induce mass release of male gametes is approached by exposing mature male gametophytes of a species to particles of porous silica previously loaded with the test substances. Quantitative data are available by placing droplets of an inert solvent with known concentrations of the test substance into close vicinity of the fertile gynogametophyte. For example, the mass release of male gametes of Laminaria digitata occurs within 8-12 sec at a threshold of -50 pmol of lamoxirene (8, 23, 24) , and male gametes of Perithalia caudata are released within -10 sec, triggered by caudoxirene at concentrations down to 30 pmol (25) .
Considering the large number of plant species and the limited number of only 11 different pheromones, it becomes obvious that these signals cannot be specific at the level of the species or even the genus. Moreover, ectocarpene, hormosirene, and dictyotene are typically present in most of the pheromone blends, and, hence, their presence may reflect nothing but a phylogenetic reminiscence of a biosynthetic pathway that converts a whole array of appropriate precursor molecules (see below) into olefinic hydrocarbons. The quantitative determination of the released volatiles from signaling females shows that females of E. siliculosus (26) release within 1 h -0.6 fmol of ectocarpene per individual; -75 fmol per h per egg of hormosirene was reported (27) comprise the structural elements for the biosynthesis of ectocarpene in the higher plant S. isatideus. The structurally related trideca-3,6,9-trienoic acid is metabolized by analogy into the C12 homoectocarpene. ever they have been found (32, 33) . The situation is different with the cyclopropanes and the cycloheptadienes, as shown in Table 2 and Fig. 1 . Hormosirene from female gametes or thalli of brown algae of different geographic origin proved to be secreted always as a well-defined mixture of enantiomers (34) .
The enantiomeric composition of hormosirene from gametes of Analipus japonicus varies depending even on the locality within Japan (31 (10); the cis-disubstituted cyclohexene from the blend of C. multifida ( Fig. 1) is virtually racemic (19) . It is tempting to assume that for marine brown algae the production of characteristic enantiomeric mixtures represents a simple means for individualization of the signal blends, although up to now there is no experimental confirmation for this hypothesis.
Biosynthesis of C1l Hydrocarbons in Higher and Lower
Plants (Phaeophyceae)
Given the absence of methyl branches and according to the suggestive positions of the double bonds within the two acyclic C,, hydrocarbons undeca-(1,3E,5Z)-triene and undeca-(1,3E,5Z,8Z)-tetraene, their origin from fatty acids is highly probable. In the case of higher plants, the precursors might be expected to come from the pool of the w3 and w6 fatty acids with a total of 18-12 carbon atoms (Fig. 2) . In marine brown algae the family of unsaturated C20 fatty acids provides another, potentially abundant source of suitable precursors (35 (37) . Mechanistic insight into this process was obtained by administration of labeled trideca-or undeca-3,6,9-trienoic acid instead of the natural C12 precursor (Fig. 2) . In this case, the artificial 2Hn metabolites can be analyzed by mass spectrometry without interference from the plants' own 'H metabolites, since a homo-or norectocarpene is formed. The sequence of the oxidative decarboxylation/cyclization reaction proceeds without loss of 2H atoms from the double bonds but with loss of a single 2H atom from certain methylene groups of the precursor acids (Fig. 3 ). If C(1) and a 2H atom from C(5) of the labeled precursor is lost, finavarrene is the product of the reaction channel. If the methylene group at C(8) is involved, ectocarpene is formed with simultaneous loss of C(1), the latter probably as CO2 (36) . Administration of (8R)-or (8S )-[2H]trideca-3,6,9-trienoic acids (38) yields (6S)-homoectocarpene with exclusive loss of the C(8) HR. No intramolecular isotope effect is observed. The removal of the hydrogen atom from C(5) en route to finavarrene proceeds with the same side specificity. Considering the absolute configuration of ectocarpene as (6S) and taking into account the established preference of the enzyme(s) for the removal of the C(8) HR, the course of the reaction from dodecatrienoic acid to the Cl, hydrocarbon ectocarpene can be rationalized as depicted in Fig. 4 . The acid is assumed to fit into the active site of the enzyme in a U-shaped manner, exposing the C(8) HR to a reactive functional group X. The sequence could be initiated by removal of a single electron from the carboxyl group. Subsequent decarboxylation would generate an allyl radical, which can interact with the C(6)==C (7) In contrast to the terrestrial plant S. isatideus, female gametes of the marine brown algae (model system: female gametes of E. siliculosus) do not utilize dodeca-3,6,9-trienoic acid for production of the C1, hydrocarbons. Instead, the marine plants exploit the pool of unsaturated C20 acids (20:4 -> 20:6) for the production of their pheromones. [2H8]Arachidonic acid is very effectively transformed into 6-[2H4]butylcyclohepta-1,4-diene (dictyotene) by a suspension of female gametes of E. siliculosus. A synthetic sample of [2H6]nonadeca-8-1 1,14,17-tetraenoic acid, which can be thought of as a 20-noranalogue of icosa-5,8,11,14,17-pentaenoic acid, gives the corresponding norectocarpene, together with a labeled norfinavarrene, in high yield (39, 40) . Since the icosanoids are not cleaved to unsaturated C12 precursors, their primary functionalization is assumed to be achieved by a 9-lipoxygenase yielding 9-hydroperoxyicosa-(5Z,7E,1 1Z,14Z,17Z)-pentaenoic acid (9-HPEPE), which mimics the functionalization pattern of dodeca-3,6,9-trienoic acid (Fig. 5) . Assuming a homolytic cleavage of the hydroperoxide (41) as shown in Fig. 6 , once again, the disubstituted cyclopropane will be released from the active center as a thermolabile intermediate. Although this mechanistic hypoth- esis has not yet been experimentally confirmed, the concept nevertheless provides a valuable platform for the systematic derivation of all the known C1l hydrocarbons from the fatty acid precursors. It is also conceivable that the oxidative decarboxylation/cyclization of dodeca-3,6,9-trienoic acid in higher plants could proceed via a peroxy acid.
The unusual stereochemistry of the acyclic undeca-(2Z,4Z,6E,8Z)-tetraene (giffordene; cf. Fig. 1 ), the major volatile from the brown alga Giffordia mitchellae, follows from the same concept (40, 42) . If the 9-HPEPE precursor is forced by the enzyme into an appropriate cisoid conformation, homolytic cleavage of the peroxide generates the thermolabile undeca-(1,3Z,5Z,8Z)-tetraene. The latter suffers a spontaneous [1.7] -hydrogen shift, and it is the helical transition state structure of this antarafacial hydrogen shift that accounts for the observed stereochemistry of the product (Fig. 7a) kJUmol-'; AS298 = -91.9 J.mol-l K-1) is considerably lower than that of the well studied [1.7] -hydrogen shift from previtamin D3 to vitamin D3 (43) . Both of these pericyclic reactions do not appear to be catalyzed by enzymes.
Yet another pericyclic reaction may account for the biosynthesis of 7-methylcycloocta-1,3,5-triene, present at a trace level in the hydrocarbon blend from C. multifida (Fig. 1) . If a nona-(1,3Z,5Z,7E)-tetraene were produced by homolytic cleavage of a suitable fatty acid hydroperoxide, this acyclic olefin should readily undergo an 8ire electrocyclic ring closure (Fig. 7b) . The same reaction has been postulated previously as the key step within the biosynthetic sequence en route to the endriandric acids from the Australian tree Endriandra introrsa (45) . Again, a low temperature synthesis (-30°C) of the nona-(1,3Z,5Z,7E)-tetraene allowed the determination of the kinetic data. The half-life of the acyclic precursor is limited to a few minutes at ambient temperature, and the activation energy is significantly lower (Ea = 59.4 kJmol-'; AS273 = -89.7 J mol-1 K-1) than those reported for the electrocyclization of a series of isomeric decatetraenes (44) . The data follow a predicted trend based on theoretical calculations (46) . In contrast to the three signals that were obtained by gas chromatographic analysis at higher temperature (Fig. 1) , 1H NMR studies show that at ambient temperature, the monocyclic 7-methylcyclooctatriene is present as the only isomer (no evidence for an equilibrium with a bicyclic cyclohexadiene).
The degree and extent of the abiotic degradation of the pheromones becomes immediately obvious when samples from algae releasing cyclohepta-1,4-dienes (such as dictyotene or ectocarpene) are collected. For example, volatiles collected from cultures of fertile gynogametophytes of Dictyota diemensis exhibit, besides dictyotene, a complex pattern of oxygenated compounds, as shown in Fig. 8 (47) . Since the concentrations of the oxygenated products are even lower than that of the genuine pheromone, the enrichments from natural sources can not be used for an exhaustive structure elucidation.
However, the pattern of Fig. 8 (50) . Since these abiotic degradations can be carried out on a gram scale, the by-products shown in Fig. 8 become available as pure compounds after extensive chromatographic separations. Up to now, more than 20 individual compounds have been characterized (50) . Their structures fit into a general scheme of an oxidative sequence starting with a pentadienyl radical as depicted in Fig. 9 . Once generated, the radical reacts at all possible positions with oxygen and yields the three isomeric alcohols as the primary products. Further oxidation of the alcohols provides the dihydrotropones, which were first isolated from the two brown algae Dictyopteris australis and Dictyopteris plagiogramma (28, 51) . Elimination of water generates the alkyltropilidenes. If singlet oxygen is involved, the corresponding hydroperoxides will be formed. Their subsequent decomposition may be responsible for the formation of the ketoepoxide and for the fragmentation of the carbon framework. The isomeric butylbenzaldehydes and the substituted furane fit into the same reaction channel. The butylbenzenes result from decarbonylation of the alkylbenzaldehydes. Butylbenzene Exploratory experiments with dictyotene and suspensions of male gametes ofE. siliculosus showed a significantly enhanced production of the 6-butylcyclohepta-2,4-dienol and its isomers. This indicates that a biological degradative pathway does exist and that this pathway follows the same oxidative sequence as the abiotic route. However, final conclusions about the biotic contribution to the pheromone transformation cannot be drawn before careful analysis of the degree of enantioselectivity of the biotic reaction.
